Introduction
Endocytosis is critical for maintaining cell homeostasis and regulating signal transduction and nutrient uptake (Sorkin and von Zastrow, 2002) . More than fifty proteins contribute to the formation of clathrin-coated vesicles (CCV), most of which are conserved from yeast to human (EngqvistGoldstein and Drubin, 2003) . The study of these proteins' contributions to CCV formation has greatly accelerated the understanding of the mechanisms of endocytosis. However, the wide array of plasma membrane (PM) protein cargo, and the relatively few with assigned adaptor proteins in the literature, suggests that there are more adaptor proteins that have yet to be identified.
The in vivo assembly of clathrin triskelions into coats that surround cargo-loaded membrane vesicles requires assembly factors (Smythe et al, 1992) . The Golgi/endosome-associated AP-1 and PM-associated AP-2 complexes were the first such factors to be identified, each composed of four non-identical subunits. The first cargo-binding subunit found was the C-terminal m homology domain (mHD) of the m2 subunit of AP-2; the mHD binds to YxxF (Tyr-any residue-any residuebulky hydrophobic residue) peptide motifs in the cytoplasmic tails of transmembrane cargo proteins (Ohno et al, 1995; Owen and Evans, 1998) . Exhaustive genome mining of complete model organism genomes identified proteins with similarity to key domains of the AP complex subunits (Boehm and Bonifacino, 2001) . This led to the discovery of the Golgi-localized g-subunit ear containing ARF-binding adaptor proteins, and supported trafficking functions for the stonins (Andrews et al, 1996; Hirst et al, 2000) . Adaptors from each known mHDcontaining protein family (m-subunits, stonins, d-COP) bind to transmembrane cargo through the mHD (Jung et al, 2007) .
N-terminal BAR, N-BAR, and EFC/F-BAR domains are found in proteins that regulate membrane trafficking events by inducing membrane tubulation (reviewed in Itoh and De Camilli, 2006) . The N-terminal domain of these proteins dimerizes into a curved structure that binds to liposomes and either senses or induces the curvature of the membrane bilayer to cause biophysical changes to the shape of the bilayer and to recruit other trafficking factors, such as the GTPase dynamin (Tsujita et al, 2006) . Most EFC/F-BAR domain-family members localize to actin-rich structures (Qualmann and Kelly, 2000; Tsujita et al, 2006) , whereas the protein FBP17 is recruited to clathrin-coated pits just before vesicle scission (Shimada et al, 2007) . The closest homologue of FBP17 in yeast is the endocytic protein Bzz1, which also acts just before vesicle scission (Soulard et al, 2002; Sun et al, 2006) . Although EFC/F-BAR proteins have been linked to clathrin-mediated endocytosis, this has been convincingly shown only for FBP17 and Bzz1.
Syp1 is a poorly characterized yeast protein that has properties consistent with a function in endocytosis. Syp1 was originally identified as a suppressor of a yeast profilin deletion (Marcoux et al, 2000) and later as a suppressor of arf3D (Arf3 is the yeast homologue of Arf6, a mammalian regulator of endocytosis; (Lambert et al, 2007) ). Syp1 also binds to septins (Qiu et al, 2008) and has been physically linked with cell polarity factors (Tarassov et al, 2008) .
Here, we present evidence that Syp1 has a function in endocytosis by binding directly to the endocytic adaptor/ scaffold protein Ede1, and that Syp1 is itself an endocytic adaptor for the transmembrane stress sensor protein Mid2. Analysis of Syp1 structure revealed earlier unrecognized EFC/F-BAR and mHD domains. The EFC/F-BAR domain induces membrane tubulation; the mHD binds directly to the cytosolic tail of the Mid2 cargo protein and mediates Mid2 internalization. Our studies show that Syp1 represents a novel type of endocytic adaptor protein that promotes vesicle tubulation and suggest that Syp1 may contribute to cell polarity and stress responses. We propose that Syp1 is the founding member of a novel family of adaptor proteins, the muniscin proteins, that also includes the human proteins FCHO1/2 and SGIP1.
Results

Syp1 directly binds Ede1 and is part of the early coat module
Ede1 and eps15 are related endocytic adaptor/scaffold proteins that bind to Asn-Pro-Phe (NPF) tripeptide motif-containing adaptors through their N-terminal eps15 homology (EH) domains (Miliaras and Wendland, 2004) . They also bind to ubiquitin-modified cargo proteins through their C-terminal ubiquitin-binding domains (Aguilar et al, 2003) . To identify other Ede1 interacting partners, we conducted a yeast two-hybrid screen with the C-terminal domain of Ede1 (aa 843-1381) and identified the C-terminal region of Syp1 (aa 626-870; Figure 1A ). This is a direct interaction through aa 1109-1247 of Ede1 and the Syp1 C-terminal region, as seen from a recombinant protein-binding assay with lysates from bacteria expressing GST-tagged sub-fragments of the original Ede1 843À1381 piece incubated with beads bound to His 6 -Syp1 566À870 ( Figure 1A ; Supplementary Figure S1 ). Both Coomassie staining and a western blot with an anti-Ede1 antibody directed against aa 1177-1190 showed that both fragments containing this interval bind the Syp1 mHD similarly, suggesting that the weaker signal seen with the anti-His 6 antibody for the Ede1 969À1247 fragment was due to epitope masking. The interaction is independent of the Ede1 ubiquitin-binding UBA domain ( Figure 1A and data not shown) and agrees with a genome-wide TAP-tagged protein complex isolation study (Gavin et al, 2002) that identified a complex between Syp1, Ede1, another endocytic protein, Sla2, and the uncharacterized protein Ydr348c (Wesp et al, 1997; Gagny et al, 2000) . Syp1 has an NPF motif in its C-terminus, but the interaction defined here is independent of a predicted Syp1 NPF/Ede1 EH domain interaction, as the interacting Ede1 fragment lacks the EH domains. Thus far, our attempts to identify an EH domain partner for the Syp1 NPF motif have been unsuccessful. Syp1 and Ede1 colocalization was examined by live imaging of yeast cells coexpressing endogenously tagged Syp1-GFP and Ede1-RFP. Both proteins were found together in cortical patches ( Figure 1B ). Time-lapse analyses showed that the lifetime of Syp1-GFP patches typically exceeded the two-minute span of the experiment, similar to the behaviour of Ede1-RFP and other components of the 'early coat complex', as defined earlier (Kaksonen et al, 2005) . Cells coexpressing Syp1-GFP and the 'late coat complex' protein End3-RFP were also examined. This showed that Syp1-GFP remained immotile at the cell surface in which it dissipated just before the inward movement and B6-8 s before the dissipation of End3-RFP (data not shown), again consistent with the behaviour of Ede1 fluorescent chimeras (Toshima et al, 2006) . Further, the normal localization of Syp1-GFP is dependent on Ede1, as the Syp1-GFP patches are broader and less distinct in ede1D cells and show enhanced bud neck localization, whereas Ede1-GFP localization is unaffected in the absence of Syp1 ( Figure 1C ). Bud necks are polarized sites of bud emergence during G1 and cytokinesis during M phase, suggesting a potential function for Syp1 in directing endocytosis at these sites.
Syp1 has a function in endocytosis
Many endocytic mutants exhibit reduced growth at elevated temperatures on YPD and high salt media (Whitacre et al, 2001 ); similar to ede1D cells, these phenotypes were also seen for syp1D cells (Supplementary Figure S2A) . Complementation tests with cells expressing Syp1 truncations showed that the conserved N-terminal domain of Syp1, syp1 1À265 , was sufficient for complementing the growth defects of syp1D cells. We next asked whether syp1D cells exhibited defects in endocytosis of the fluid phase marker Lucifer yellow (LY), but obtained variable results that depended on the growth media. A defect in LY uptake was always seen in syp1D cells that were grown in rich media. In contrast, when the same cells were grown in synthetic media, the LY uptake defect was not observed (data not shown), indicating that the LY uptake defect in syp1D cells was growth medium dependent. Instead, we tested whether high copy SYP1 could suppress endocytic defects associated with deletion of EDE1. ede1D cells containing either empty vector, a single copy EDE1 plasmid, or a high copy SYP1 plasmid were incubated with LY for 2 h at 301C, washed, and examined by fluorescence microscopy. As expected, ede1D cells with empty vector showed diminished LY uptake, whereas ede1D cells overexpressing SYP1 showed a statistically significant partial restoration of LY uptake (Figure 2A , right; asterisk), although not to the levels of cells complemented with an EDE1 plasmid. Quantification of the percentage of cells with strong, intermediate, and weak vacuolar signal is presented in Figure 2B . Consistent with the partial suppression of endocytic defects, ede1D cells with high copy SYP1 also showed slightly improved growth at 381C (data not shown).
Syp1 contains EFC/F-BAR and lHD domains that are conserved in human homologues
Comparison of Syp1 homologues in fungi revealed that regions of highest homology are restricted to the N-and C-terminal domains, with lower homology for the middle region that contains a proline-rich domain (PRD). psi-BLAST searches indicated that the N-terminal domain exhibits earlier unappreciated homology with EFC/F-BAR domains (13% identity) and the C-terminal domain exhibits homology with mHD domains found in m subunits of the AP complexes (15-19% identity, Figure 3A ). The human proteins FCHO1 and FCHO2 both contain each of these domains, as well as a centrally positioned PRD, suggesting homology to Syp1. Thus, we propose to name these proteins muniscins for the mHD and meniscus for the crescent-shaped EFC/F-BAR domain; this family is likely to extend beyond the proteins shown in Figure 3A , as BLAST searches identify homologues in other species. The human neuronal-specific protein SGIP1 (Uezu et al, 2007) does not contain any homology to EFC/F-BAR domains, but does have a PRD and a C-terminal mHD. Before our analyses, the homology of these proteins to mHDs had been overlooked. An additional region of homology between the FCHO1/2 and SGIP1 proteins was found (green box, Figure 3A ) that was not detected in the Syp1 protein. To determine whether the predicted EFC/F-BAR domain of Syp1 is structurally similar to that of other BAR-family domains, we determined its structure to 2.4 Å resolution by X-ray crystallography ( Figure 3B ; Table I ). The overall structure is a crescent-shaped homodimer. Two monomers related by a two-fold symmetry axis in the crystal interact tightly to form an antiparallel dimer with extensive buried surface area of 4000 Å 2 . Consistent with dimer formation, both full-length Syp1 and the EFC/F-BAR domain migrated as dimers by gel filtration (data not shown). The EFC/F-BAR monomer consists of three central helices and six small helices with short connecting loops. The six long helices in the dimer form an 80 Å-long helical bundle. The small helices cap the two ends of the long helical bundle. The side view of the dimer shows a slightly curved shape with convex and concave surfaces and two small protrusions extending from the concave surface. The Syp1 EFC/F-BAR domain has structural similarity to other EFC/F-BAR domains (Henne et al, 2007; Shimada et al, 2007; Wang et al, 2009) as scored by DALI (Holm and Sander, 1995) . The core six helix bundle of 154 amino acids aligns with the structure of the FCHO2 F-BAR domain with an r.m.s.d. of 1.26 Å ( Figure 3C ), whereas the extended helix bundle of 212 residues aligns with the structure of the FCHO2 F-BAR domain with an r.m.s.d. of 4.5 Å . Similar to the FCHO2 EFC/F-BAR domain (Henne et al, 2007) , the Syp1 EFC/F-BAR domain has an acidic surface potential on the convex side and a basic surface potential on the concave side (Supplementary Figure S3A) , consistent with the concave surface providing a binding site for negatively charged phospholipids in membranes. Although our paper was under revision, the structure of the Pacsin F-BAR domain was published, which showed protrusions (referred to as 'wedges') from the concave surface, similar to the Syp1 EFC/F-BAR domain. The Pacsin wedges were found to be somewhat flexible; whether these wedges are flexible domains in the Syp1 EFC/BAR domain awaits further experimentation, as the B-factors are low in this area of our crystal, suggesting that they may be relatively fixed.
To test whether Syp1 contains a bona fide mHD, we determined the structure of the Syp1 C-terminal domain to 2.8 Å resolution by X-ray crystallography ( Figure 3D ).
The structure displays a primarily b-strand structure with a slightly bent brick-like organization, which has a similar topology to the earlier solved structure of the AP-2 m2 C-terminal domain (Owen and Evans, 1998 ). An alignment of the m2 and Syp1 mHDs had an r.m.s.d. of 1.58 Å ( Figure 3E ). Surface potential and evolutionary conservation analyses revealed patches of acidic and basic characters (Supplementary Figure S3B) ; there is an indication of conservation of the basic patch, consistent with basic patches that bind PtdIns(4,5)P 2 on the surfaces of other mHDs. However, we did not observe lipid binding for the Syp1 mHD (see below). Together, the structures of these two domains suggest a model in which Syp1 is a cargo adaptor that has intrinsic lipid-tubulation properties.
Syp1 binds and tubulates liposomes in vitro
The presence of an EFC/F-BAR domain predicts that Syp1 should bind and tubulate membranes. Recombinant Syp1, along with the individual Syp1 EFC/F-BAR and mHD domains, and the region between these domains (middle; aa 265-565) were purified and incubated with negatively charged brain Folch fraction liposomes (Folch and Lebaron, 1956) , followed by centrifugation and SDS-PAGE analysis of supernatant and pellet fractions. Under the high salt conditions used in this experiment (to maintain solubility of full-length Syp1), only full-length Syp1 and the middle region bound to the Folch liposomes ( Figure 4A ). Densitometry results of Coomassie-stained gels from three independent experiments is shown ( Figure 4A , right). The liposome binding of the middle region was further mapped to aa 265-365; within this span are two lysine-rich consensus motifs for binding PtdIns(4,5)P 2 Yu et al, 1992) . As expected, the EFC/F-BAR domain also bound to liposomes when the experiment was conducted at lower salt concentrations ( Figure 4B ).
Increased salt concentration disrupted liposome binding of the EFC/F-BAR domain, consistent with an electrostatic interaction mediating the protein/lipid binding ( Figure 4B ). To determine whether the concave surface of the Syp1 EFC/ F-BAR domain is responsible for membrane interaction, we mutated a series of lysines in positions that might contribute Figure 3B ). In similar experiments performed on other EFC/F-BAR domains, basic-to-acidic changes near the ends of the dimer reduced lipid binding, presumably because of loss of end-to-end interactions of dimers during tubule formation, whereas basic-to-acidic changes near the centre of the dimer reduced the affinity of membrane association (Shimada et al, 2007) . To create a concave surface with a strongly acidic potential, we mutated a patch of three basic residues near the centre, both individually and combined (K37E, K44E, K131E, 3K-E). We also mutated K162E, which is present at the tips of the Syp1 EFC/F-BAR dimer, and K69E, an adjacent residue to the basic patch (data not shown). These mutations were introduced into the Syp1 EFC/F-BAR domain and expressed as recombinant proteins to test for liposome binding and tubulation. This analysis revealed that, out of the residues tested, only the triple lysine basic patch contributed to the wild-type (WT) levels of membrane binding ( Figures 3B and 4B ).
EFC/F-BAR domains have earlier been shown to mediate membrane tubulation. To explore the possibility that Syp1 (D) Structural model for the Syp1 mHD; the NPF (Asn-Pro-Phe) tripeptide motif is shown in stick models on the right side. (E) Superposition of the mHD domains of Syp1 (green) and m2 subunit of AP-2 (magenta); 154 equivalent residues out of 262 residues in Syp1 mHD were selected for superposition, resulting in an r.m.s.d. of 1.58 Å .
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A Reider et al tubulates membranes, 100 nm Folch liposomes were mixed with Syp1 protein, at two salt concentrations, and examined by negative stain electron microscopy. Unlike the liposome only controls, both Syp1 and the EFC/F-BAR domain alone (length 13.5 nm) induced tubulation of the liposomes; the tubules exhibited an average diameter of 18.1 ± 2.2 nm ( Figure 4C , data not shown). Earlier published results showed that the FCHO2 EFC/F-BAR dimer (length 19.5 nm) The values in parentheses relate to highest resolution shells. 1À265 WT, K37E, K44E, K131E, and K37E/K44E/K131E triple mutant (3K-E) protein was tested for liposome binding as above using 10 mM imidazole-containing buffer. Quantification is in graphs to the right; average±s.d. are shown. (C) Tubulation of Folch liposomes was examined by negative stain EM; 100 nm liposomes were mixed with recombinant Syp1 middle or EFC/F-BAR domain (WT or 3K-E) protein for 1 or 5 min, adsorbed to a carbon-coated grid and stained with uranyl acetate. The average tubule diameter for the WT EFC domain was measured to be 18.1 ± 2.2 nm (n ¼ 91). induces tubules with a diameter of B25 nm (Henne et al, 2007) ; this is consistent with the muniscin family of adaptors forming tubules with slightly larger diameters than the length of their EFC/F-BAR domains. The Pacsin F-BAR domain with wedge motifs that resemble those in Syp1 also shows 18 nm tubules . In contrast, the mHD and membrane-binding middle domain, which contain no EFC/F-BAR domains, as well as the EFC/F-BAR 3K-E mutant, did not show tubulation ( Figure 4C and data not shown). Interestingly, the EFC/F-BAR 3K-E mutant also failed to complement the growth defects of syp1D cells at elevated temperatures (Supplementary Figure S2B) lipid-binding and tubulation functions. Thus, the Syp1 EFC/ F-BAR has similar tubulation activity as other EFC/F-BAR proteins; further, lysines 37, 44, and 131 on the concave surface are not required for, but contribute to lipid binding, and are absolutely essential for both tubulation in vitro and function in vivo.
Syp1 in vivo localization requires both EFC/F-BAR and lHD domains
To better understand in vivo domain function, we asked which regions of Syp1 contribute to protein localization. GFP-tagged C-terminal truncations of Syp1 expressed from the endogenous promoter were generated as chromosomal integrations or as plasmids transformed into syp1D cells, and the resultant yeast strains were examined by fluorescence microscopy. Thus, in all cases, the fluorescently labelled fulllength Syp1 or Syp1 fragments replace the endogenous Syp1 protein in the cells. As expected, full-length Syp1-GFP localized to cortical patches and bud necks; in contrast, none of the individually tagged EFC/F-BAR, middle, or mHD domains recapitulated the normal punctate localization of Syp1 at the PM ( Figure 4D , top row). Localization of the EFC/F-BAR-GFP chimera seemed largely cytosolic, suggesting that the membrane-binding activity of the EFC/F-BAR domain itself is insufficient for stable cortical interactions in vivo. However, the EFC/F-BAR domain alone can complement the growth defects of syp1D cells (Supplementary Figure S2) , suggesting that this region retains some function in vivo. Consistent with this, photobleaching experiments and examination by confocal microscopy with a high sensitivity camera revealed a small transient pool of PMassociated EFC/F-BAR-GFP (Supplementary Figure S6) . The mHD-GFP also seemed to be contained primarily in the cytosol, but showed some faint cortical punctae (arrowheads) that depended on Ede1 for localization ( Figure 4D ). There was no bud neck localization seen for any of the constructs lacking the mHD, suggesting that the mHD is necessary for localization of Syp1 to the bud neck. The middle domain alone showed both a cytosolic and an evenly distributed PM localization (lacking punctae), suggesting that although this region harbours efficient lipid bilayer interaction, it is not sufficient for localization to peripheral patches. Syp1 1À565 -GFP, which comprises the EFC/F-BAR and middle domains, but lacks the Ede1-binding mHD, localized to less-defined PM patches that were similar to those seen with Syp1-GFP in ede1D cells ( Figures 1C and 4D ). Syp1 1À565 -GFP also frequently showed highly polarized localization to bud tips (arrowheads, Figure 4D ). Syp1 1À365 -GFP, which contains both the EFC/F-BAR domain and the middle region subfragment that efficiently bound liposomes (possibly through two putative PtdIns(4,5)P 2 -binding sites; asterisks in schematic) showed a PM distribution similar to that of Syp1 1À565 -GFP, but lacked the polarized localization to bud tips. The shorter Syp1 1À300 -GFP truncation lacking the second putative PtdIns(4,5)P 2 -binding site seemed to be almost entirely cytosolic ( Figure 4D ). This suggests that either both or just the second putative PtdIns(4,5)P 2 -binding site, together with the EFC/F-BAR domain, is necessary for efficient Syp1 localization to less-defined PM patches, and further supports the idea that the EFC/F-BAR domain has in vivo activity.
Together, these data are consistent with the notion that the mHD-Ede1 interaction works in concert with the other domains of Syp1 to contribute to the normal patch distribution of Syp1-GFP. The mHD seems to be required for bud neck localization and this, together with the fact that in ede1D cells more Syp1 is seen at the bud necks ( Figure 1A ), suggests that there may be a competition for mHD binding between Ede1 and other bud neck factors such as the septins (Qiu et al, 2008) . The middle domain has at least two important functions: aa 365-565 that contain the PRD that are necessary for polarized localization of Syp1 to bud tips seen with the Syp1 1À565 -GFP protein, and aa 300-365 contribute to PM localization. The EFC/F-BAR domain, along with the lipidbinding region of the middle domain, is required to localize Syp1 to indistinct PM patches, whereas the full PM punctate localization is only observed on the addition of the remaining middle domain and mHD.
lHD domains of Syp1 and FCHO1 bind eps15
The interaction between the C-termini of Syp1 and Ede1 is analogous to a reported interaction between the C-termini of SGIP1 and eps15 (Uezu et al, 2007) . To further explore the functional conservation of the C-termini of Syp1 and FCHO1/2, we asked whether the FCHO1 mHD binds the C-terminus of eps15. Recombinant GST-tagged FCHO1 and SGIP1 mHDs were immobilized, incubated with brain extract, washed, and analysed by SDS-PAGE with Coomassie staining and immunoblotting. As expected, eps15 bound to SGIP1 and to FCHO1 ( Figure 5A ). A competition experiment using an excess of recombinant soluble eps15 C-terminal fragment (aa 594-896; ' þ ' lanes in Figure 5A) confirmed that the interaction between FCHO1 and SGIP1 with eps15 occurs through this C-terminal region. Intriguingly, the Syp1 mHD also bound to eps15, suggesting that a common region between eps15 and Ede1 may constitute the binding site for these mHDs ( Figure 5B ). More refined mapping studies to determine whether Ede1 and eps15 share a binding motif are currently underway. Together, these results reinforce the functional conservation between members of this new protein family. Mid2 is a cargo for the Syp1 lHD A recent paper testing for genome-wide in situ proteinprotein interactions in yeast identified several transmembrane proteins as potential interaction partners with Syp1; one of these is the type I TMD protein Mid2 (Tarassov et al, 2008) . Interestingly, similar to Syp1, Mid2 is also a high copy suppressor of profilin mutant yeast (Marcoux et al, 2000) . To test whether Mid2 trafficking depends on Syp1, a chromosomal Mid2-GFP chimera was introduced into WT cells, in which Mid2-GFP localized almost exclusively to the PM with only a faint vacuolar signal ( Figure 6A ). Under the conditions tested, syp1D showed a similar phenotype as WT cells, having almost complete PM localization of Mid2-GFP (data not shown). This suggests a slow rate of constitutive endocytosis of Mid2-GFP; we reasoned that if elevated levels of its adaptor increased Mid2-GFP endocytosis, then the vacuole would accumulate lumenal GFP fluorescence. Consistent with this prediction, WT Mid2-GFP cells expressing B10-20-fold increased levels of Syp1 using a high copy plasmid showed a clear vacuolar accumulation of fluorescence, whereas high copy syp1
DmHD or YAP1802 did not ( Figure 6A and data not shown), indicating that the increased vacuolar GFP signal seen with overexpression of Syp1 is dependent on the presence of the mHD. A direct interaction between the Syp1 mHD and the cytosolic tail of Mid2 was confirmed in recombinant binding experiments, and point to the sorting motif in Mid2 being contained within aa 251-316 ( Figure 6B ; Supplementary Figure S4) , which maps to the region just adjacent to the PM. These data are consistent with the notion that the mHD of Syp1 interacts directly with Mid2 to mediate its endocytosis. Endocytic cargo such as Ste3-GFP and Ste6-GFP shows low levels of PM signal and accumulate high levels of GFP in the vacuole lumen after their constitutive endocytosis (Baggett et al, 2003a ); Ste2-GFP, which shows ligand-dependent internalization, has a slower constitutive rate of endocytosis (Yesilaltay and Jenness, 2000) . Both WT and syp1D cells expressing a chromosomal Ste6-GFP chimera showed normal endocytosis of the marker (Supplementary Figure S5A) . In addition, WT Ste2-GFP cells containing a high copy plasmid expressing either SYP1 or syp1 Figure S5B) . Together, all of these results indicate that the adaptor Syp1 has cargo specificity and that its expression does not affect the internalization of the nonMid2 cargos tested here. 
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FCHO1 is an endocytic protein
To determine whether FCHO1 is an endocytic protein, we assessed its localization in HeLa cells by transient transfection of a GFP-FCHO1 plasmid and immunolabelled for other endocytic markers. GFP-FCHO1 colocalized with both clathrin and AP-2 at CCPs at the ventral cell surface (Figure 7 , top row), consistent with an ability to function in endocytosis. As expected, based on the FCHO1 mHD-binding eps15 in vitro, we found that GFP-FCHO1 and eps15 colocalize in vivo (Figure 7 , bottom left). However, unlike what was found with the N-terminus of the SGIP1 protein, the overexpressed GFP-FCHO1 protein did not appear to induce tubule formation in cells. In cells expressing higher levels of GFP-FCHO1, some of the endocytic pits appeared larger and brighter than non-transfected cells, suggestive of the 'arrested endocytic phenotype' reported for cells lacking the dynamin proteins (Hayashi et al, 2008) . Unlike the more moderate overexpression typical of yeast high copy vectors, overexpression of endocytic proteins by B50-100-fold using transient transfection approaches in mammalian cells often leads to a reduction in the internalization of endocytic cargo; thus, we examined the internalization of both the fluorescently labelled endocytic ligand transferrin and the LDL receptor in GFP-FCHO1-expressing cells (Figure 7 and data not shown). Fluorescently labelled ligands were incubated with the transfected cells on ice for 60 min, warmed to 371C for varying times, fixed, and examined by fluorescence microscopy. For both of these constitutively endocytosed cargos, internalization was clearly slowed in the GFP-FCHO1-expressing cells. The GFP-FCHO1 transfected cells also exhibited a diffuse surface LDL receptor population and colocalization of receptors and the FCHO1 surface puncta, suggesting that the receptors accumulated at cell surface endocytic pits (Figure 7, bottom right) . Together, the data are consistent with FCHO1 acting as a bona fide component of the endocytic machinery.
Discussion
Syp1 and its homologues FCHO1/2 and SGIP1 are strong candidate endocytic adaptor proteins in yeast and mammalian cells, based on the presence of earlier unrecognized mHDs at their C-termini. This is significant, as identifying novel endocytic cargo adaptors is the first step towards understanding the regulation and subcellular localization of bioactive transmembrane proteins. Epsin is another membrane-tubulating cargo adaptor (Chen et al, 1998; Wendland et al, 1999; Ford et al, 2002) , but the muniscins are the first instance of proteins with both EFC/F-BAR and mHD domains.
Function for Syp1 in early endocytic events
The mHD of Syp1 binds to both cargo and the early coat complex component Ede1; thus, the early recruitment of Syp1 is indicative of a protein that may contribute to the stabilization of the nascent clathrin-coated pit (Ehrlich et al, 2004; Toshima et al, 2006) . The only other protein currently known to display such early nascent endocytic patch recruitment is clathrin (Kaksonen et al, 2005) , putting Syp1 in the company of other proteins that together may initiate the formation of an endocytic site. The mHDs of the Syp1 family show conserved interactions with the scaffold/adaptor proteins Ede1/eps15, presumably through a distinct surface from the Mid2 cargo-binding site. Similar distinct interactions for the m2 subunit have been found for synaptotagmin and PtdIns kinases (Krauss et al, 2006) . Thus, there is precedent for a single mHD having multiple interactions, which in turn can regulate the productive assembly of the endocytic machinery.
The relatively mild phenotypes of syp1D cells could be in part because of a specific subset of cargo that require Syp1 for efficient internalization and to the conditions under which the assays are being conducted. Further, it is known that individual cargo proteins can interact with multiple adaptors in mammalian cells ; if the same is true for yeast, then some physiologically important cargo that can use Syp1 as an adaptor may have alternate means for efficient sorting into endocytic vesicles.
Function for Syp1 in late endocytic events
In addition to its function in selecting cargo, the membranetubulation activity of the EFC/F-BAR domains of the Syp1-family members and other EFC/F-BAR proteins are consistent with this activity functioning at later stages of the endocytic process, when a narrow vesicle neck is forming and preparing for scission. In fact, the narrow tubules formed by Syp1 are close to the critical diameter for scission (Bashkirov et al, 2008) , and we have preliminary evidence consistent with the report on the Pacsin F-BAR domain ) that the Syp1 EFC/F-BAR domain may mediate vesiculation. However, as we do not observe inward movement of C-terminally GFP-tagged Syp1, if Syp1 indeed functions in vivo during these later stages, this proposed tubulation/ vesiculation activity may need to be restricted to the site in which the neck meets the PM. Alternatively, the unstructured domain that separates the EFC/F-BAR domain from the mHD is long enough to allow the tubulation and potential vesiculation activity to be located further down the tubule, unmarked by C-terminal GFP movement. Finally, some residual Syp1 may in fact move inward, but is below the detection limits of our microscope.
We were intrigued by the effects of the 3K-E mutation on the concave surface of the EFC/F-BAR domain, which yielded slightly reduced liposome binding, but abrogated the membrane-tubulation activity and rescue of syp1D cell growth at elevated temperatures. Similar results were seen with an A-D mutation in an amphiphathic helix on the concave surface of the endophilin-A1 BAR domain (Masuda et al, 2006) . We speculate that the 3K-E mutation in the Syp1 EFC/ F-BAR domain affects tubulation, perhaps by destabilizing the en face membrane association such that lateral associations to produce larger assemblies cannot form. Alternatively, a strong charge-based interaction mediated by the lysine residues could pull the domain down towards the membrane bilayer to disturb the local phospholipid packing and thus promote tubulation, possibly by using the protrusion/wedge motifs.
In a recent study, the Conibear laboratory found that syp1D cells exhibit reduced endocytosis of the v-SNARE Snc1 (Burston et al, 2009 ). This same study identified Syp1 as a member of a functionally related cluster of endocytic factors that also includes Bzz1 and Lsb3; interestingly, Bzz1 also has an EFC/F-BAR domain at its N-terminus. Other yeast proteins implicated in endocytosis share related N-terminal domains (e.g. Hof1, Rvs161, Rvs167); Syp1 may have overlapping functions with these factors or have an influence on their recruitment or localization, particularly with the amphiphysin-like Rvs proteins that are proposed to participate in vesicle scission (Kaksonen et al, 2005) . Genetic analyses are underway to investigate this possibility. Further, each of these proteins has been linked to actin binding/regulation, as have other EFC/F-BAR proteins (Itoh et al, 2005; Takano et al, 2008; Robertson et al, 2009) .
Regulating early versus late activities of Syp1 during endocytosis
As Syp1 is among the earliest arriving endocytic factors, we predict that the putative late-acting-tubulation activity of the Syp1 EFC/F-BAR domain will be inhibited by trans-acting factors at early stages of endocytosis. For both Pacsin and TOCA-1, the C-terminal SH3 domains are thought to regulate the F-BAR domain activity (Takano et al, 2008; Wang et al, 2009) . Similarly for Syp1, we speculate that cargo binding and Ede1/eps15 binding through the C-terminal mHD and/or interactions with the middle domain may regulate the membrane-tubulation activity of the EFC domain in vivo.
In addition, similar to other domains that are better known for lipid binding, the EFC/F-BAR domain may also have protein partners that work with the domain directly to mediate its functions (Aguilar et al, 2006; Roberts-Galbraith et al, 2009) .
The middle region of Syp1 is likely to be disordered, based on both sequence analysis (using the DISOPRED server) and an assay in which recombinant middle region protein fragments remained soluble after boiling (data not shown; Kalthoff et al, 2002) . This suggests that the two structurally defined domains of Syp1 are separated by a linker whose primary function is strong membrane interaction and/or binding PRD partners. Although the functions of the N-and C-terminal domains of Syp1 could be independent, we favour a model in which the flexible middle region coordinates the functions of the two domains. Alternatively, it could act as a spacer to segregate distinct functions to the PM versus the tubule. The Syp1 middle region also has two consensus sites for phosphorylation by the endocytic protein kinase Prk1 at Thr577 and Thr588; perhaps the stimulation of Prk1 late in endocytosis also contributes to regulation of Syp1 function (Huang et al, 2009) .
It is intriguing to speculate that the region of conservation between FCHO1, FCHO2, and SGIP1 (green box, Figure 1C ) could promote membrane interaction, as was shown for the N-terminal region of SGIP1 (Uezu et al, 2007) . Consistent with this idea, the homologous regions of FCHO1 and FCHO2 are in an analogous position to the potent membrane-binding activity region in the middle of the Syp1 protein, and these regions may enhance the in vivo activities of the adjacent EFC/F-BAR domain.
Functions for Syp1 in polarity
Syp1 interacts with the septin proteins at the necks of budding yeast (Qiu et al, 2008) ; consistent with this, we noted an enhanced bud neck localization of Syp1-GFP in ede1D cells, suggesting that there may be a competition between Ede1 and septins for binding to Syp1. Thus, Syp1 could be a multi-functional protein that not only contributes Syp1 is a conserved endocytic adaptor A Reider et al to the endocytic process, but also to events that occur at the neck during budding and/or cytokinesis. Alternatively, Syp1 could fulfil similar functions at endocytic patches both at the bud and at the bud neck, bringing in some of the endocytic machinery that is thought to contribute to the process of cytokinesis (Montagnac et al, 2008) . Consistent with a potentially central function for Syp1 (and perhaps its homologues) in the polarized processes of endocytosis and cytokinesis, a recent study identified numerous Syp1-binding partners using a genome-wide in situ protein-interaction strategy and found an enrichment of septins and septin regulators, along with exocytic-, endocytic-, and cell polarity-related proteins (Tarassov et al, 2008) . Our data indicate that Syp1 is an endocytic adaptor for Mid2, which is required for viability during the polarized process of yeast mating (Ono et al, 1994) . Mid2 interacts with the cell wall and also activates the Rho1 GTPase by binding the Rho1 GEF Rom2 (Philip and Levin, 2001) . Consistent with the view that the mammalian Syp1 homologues are also endocytic adaptors, FCHO1 has been reported to interact with the activin receptor, a type I TGF-b receptor (Barrios-Rodiles et al, 2005) . Interestingly, TGF-b can stimulate a Rho-dependent actin polarization pathway (Edlund et al, 2002) , perhaps suggesting a common function for all muniscin adaptors in regulating Rho-mediated polarity events.
In summary, our findings have uncovered a new family of endocytic adaptors with membrane-tubulation activity that associate with transmembrane cargo proteins. Our working model for Syp1 function in endocytosis is as follows: Syp1 is recruited to nascent endocytic sites through interactions with membranes, cargo, and Ede1; as vesicle formation proceeds, the EFC/F-BAR domain interacts with the highly curved negatively charged membranes, ultimately assisting in the vesicle scission process by stimulating the formation of narrow tubules. Tests of this model for both Syp1 and the human homologues will lead to a greater appreciation for cargo selection and endocytic vesicle formation mechanisms.
Materials and methods
Strain and plasmids
Strains and plasmids are in Supplementary Table S1 . Yeast cells were grown in standard rich (yeast extract-peptone) or synthetic medium (yeast nitrogen base with amino acids for plasmid selection) and 2% dextrose. For yeast kanamycin resistance selection, 250 ug/ml of geneticin (G418, Gibco) was used in rich medium. Bacteria were grown in LB with 50 ug/ml carbenicillin, 30 ug/ml kanamycin, and/or 34 ug/ml chloramphenicol, as appropriate. Materials were from Fisher Scientific Co. or Sigma Chemical Co. unless stated.
Yeast strain construction and growth conditions C-terminal GFP fusions and gene deletions were generated by chromosomal integration of PCR products (Longtine et al, 1998) . DNA cloning used standard techniques; T4 DNA polymerase mediated ligations in E. coli or homologous recombination followed by plasmid rescue in Saccharomyces cerevisiae. Lys to Glu substitutions used the Quickchange XL mutagenesis kit (Stratagene).
Protein purification
His 6 -and GST-tagged proteins were purified from Rosetta cells (Novagen) transformed with pET28a-or pGEX-derived plasmids. Cells were induced with 0.3 mM IPTG for 5 h at 301C or 0.1 mM IPTG for 8 h at 231C, harvested, frozen (À801C), and resuspended in 20 mM HEPES, 30 mM NaCl 0.1% Tween 20 (with AEBSF (0.1 mM) and complete EDTA-free protease inhibitor cocktail (Roche)). Lysates made by lysozyme treatment and sonication were centrifuged at 41C for 30 min at 26 000 g.
For His 6 -tagged protein purification, the protein lysates were incubated with Talon metal affinity resin (Clontech) with 5 mM imidazole for 2 h at 41C. The beads were washed with increasing concentrations of imidizole (10-30 mM) and proteins eluted with 500 mM imidazole in 20 mM HEPES, 30 mM NaCl. As necessary, purified proteins were concentrated using 10 000 or 30 000 MWCO Amicon Ultra centrifugal filter devices (Millipore), or buffer exchanged using protein desalting spin columns (Pierce). All buffers were pH 7.6.
Binding assays
For Figures 1A and 6B, Supplementary Figures S1 and S4 , GSTtagged protein lysates were incubated with glutathione agarose beads (Molecular probes) for 2 h at 41C, washed with 20 mM HEPES, 30 mM NaCl, mixed with His 6 -tagged protein lysates for 2 h at 41C, and washed before adding SDS-PAGE sample buffer.
For Figure 5A and B, assays were as described (Mishra et al, 2005) . Approximately 200 mg of GST, GST-FCHO1 mHD (human aa610-889), GST-SGIP1 mHD (mouse aa501-806), or Syp1 mHD (aa566-870) were bound to glutathione-Sepharose, then incubated with rat brain cytosol at 41C for 1 h in the absence or presence of the eps15 C-terminal fragment (aa594-896). After sedimenting the beads, an aliquot of supernatant was kept and the beads were washed before resuspension in SDS-PAGE sample buffer.
Supernatant and pellet fraction were resolved by SDS-PAGE, transferred to nitrocellulose, and immunoblotted with mouse antiHis 6 or anti-Ede1 antibody ( Figures 1A and 6B ), or affinity-purified anti eps15 antibodies ( Figure 5A and B). Horseradish peroxidase secondary antibodies and the Supersignal Chemiluminescent detection system (Pierce) was used for visualization.
Liposome-binding assay
Folch fraction liposomes were prepared by mixing 1 mg Folch fraction I brain lipids (Sigma) in 3:1 chloroform:methanol with 5 ml rhodamine PE and dried under N 2 stream. After rehydration in 150 ml 0.3 M sucrose, 1 ml water was added; the mixture was ultracentrifuged at 213 000 g for 30 min at 41C, and the supernatant removed. The pellet was exposed to five rounds of freeze thaw in liquid nitrogen, resuspended in 1 ml of liposome buffer (20 mM HEPES, 150 mM NaCl), and extruded through 100 nm pore filters.
Purified recombinant His 6 -tagged proteins (60 mg) were incubated with 100 ml liposomes in 200 ml total volume of 120 mM imidazole, 20 mM HEPES, 125 mM NaCl (Figure 4A ), or 10 mM imidazole, 20 mM HEPES, 125 mM NaCl ( Figure 4B ) for 30 min at RT, and pelleted at 259 000 g for 30 min at 41C. The liposome pellets were then rinsed with liposome buffer, and resuspended in 20 ml SDS sample buffer. Supernatant and pellet fractions were resolved by SDS-PAGE and stained with GelCode Blue Stain Reagent (Pierce).
Quantification of binding assays
Images of GelCode blue-stained gels were captured using an Alpha Innotech Fluorochem 8000 with a 16-bit camera. Images were quantified using Fluorochem V.2.0 software with the Spot Denso application.
Statistical analyses
Statistical analyses for the LY and liposome-binding experiments were completed using GraphPad Software (http://www.graphpad. com/quickcalcs). LY results were examined for significance using a two-tailed Fisher's exact test, whereas the liposome-binding results were analysed using a two-tailed unpaired t-test.
EM liposome vesiculation/tubulation assay
Purified recombinant His 6 -tagged proteins (0.3 mg/ml) were incubated with liposomes in 7.5 mM imidazole, 20 mM HEPES, 125 mM NaCl ( Figure 4C ) or 75 mM imidazole, 20 mM HEPES, 125mMNaCl (Supplementary Figure S4D) at 251C from 1 to 5 min, absorbed onto carbon-coated EM grids, washed with water, and stained with 2% uranyl acetate. Dried grids were examined on an FEI Tecnai 12. Morphometry on the liposome-tubulation experiments was performed using the iTEM application from Soft Imaging Systems. Yeast two hybrid A two-hybrid screen (Phizicky and Fields, 1995) was performed by transforming the FRYL library (Fromont-Racine et al, 1997) into the AH109 strain containing pBW645 (LexA-DBD-Ede1 843À1381 ) and plating on YNB-LEU-HIS. Approximately 100 000 transformants were screened for activation by replica plating onto YNB-ADE. For positive clones, the library plasmids were rescued and confirmed by retransformation and then sequenced.
LY uptake
LY uptake assays were performed as earlier described (Baggett et al, 2003b) .
Light microscopy LY uptake images were taken on a Zeiss Axiovert-200 microscope equipped with a Sensicam digital camera, and Slidebook 4.2 software (Intelligent Imaging Innovations, Denver, CO). The photobleaching experiment used a Zeiss 510 confocal microscope and avalanche photodiodes, with 0.7 mm Airy unit section thickness. All other fluorescent images were taken with a 3i Marianas microscope with a Zeiss alpha Plan-Fluar 100 Â1.45 NA objective, Cascade II 512 EM cameras, 488 or 561 nm diode lasers, and Slidebook 4.2 software. Kymograph analysis was performed using the National Health ImageJ software (http://rsb.info.nih.gov/ij/) and the multiple kymograph plugin (http://www.embl-heidelberg. de/eamnet/html/kymograph.html).
Crystallization
Crystals of the Syp1 mHD domain were grown by vapour diffusion methods at 211C over a reservoir of 100 mM Na-HEPES (pH 7.5), 30% PEG 400, 0.2 M MgCl 2 for 3-7 days. Crystals of the Syp1 EFC/ F-BAR domain were grown as sitting or hanging drops in 100 mM NaCitrate (pH 5.6), 20% PEG3350, 3% glycerol at 211C for 3 days.
Complete description of mammalian cell culture, crystallization and structural determination are provided in Supplementary Data.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
